A taxonomy for Bacillus subtilis, B . megaterium, B . cereus, B . pumilus, B . pasteurii, B . stearothermophilus, and Sporosarcina ureae has been constructed from comparisons of T, ribonuclease digests of their respective 165' ribosomal ribonucleic acids. This molecular approach to systematics is shown to give results in essential agreement with traditional techniques for this group of organisms. In addition, the technique appears well suited for higher order classification, an area which has been difficult to approach with traditional techniques.
A prime objective of bacterial systematics certainly must be the establishment of a classification that spans the procaryote kingdom. However, classification by traditional techniques has been difficult, especially beyond the level of genera, reflecting the relative simplicity and/or antiquity of these organisms. It has been proposed that this problem might be resolved by integrating existing taxonomic studies where "suitable" overlap occurs (6). A direct experimental approach powerful enough to reveal the more distant relationships would certainly be more desirable, however.
Such an approach can be based on a molecular characterization of what Zuckerkandl and Pauling (24) call the "semantides" -informational macromolecules. Two considerations necessitate care. Not only are bacterial origins much more ancient than metazoan origins, but the genomes in the former case have a characteristically higher mutation rate (3) . Consequently, one might expect an unmanageable degree of divergence in primary structures of any given semantide across the spectrum of procaryotes, again precluding higher order classification. Furthermore, bacterial genetic transfer mechanisms hold the potential for reticulate evolution (8) , which could make for an unmanageable complexity.
It is herein contended that these difficulties can be avoided by primary structural characterization of ribosomal ribonucleic acids (rRNAs). The ribosome is clearly of very ancient origin and is necessarily ubiquitous. At least two of its RNA components (5s and 16s rRNA) apparently have functionally equivalent forms over a wide range of procaryotes, since both of these molecules can form functional chimera ribosomes in vitro (1, 9, 21) . The primary structures of these rRNA molecules are sufficiently con-strained that on the whole they have not changed rapidly in time. Moreover, they contain regions of both extreme conservation (4, 19) and hypervariablity (16, 19) so that both distant and close relationships can be examined. Since three distinct rRNA molecules exist, one can ultimately examine the extent to which a particular classification is dependent on the choice of RNA molecule. Finally the large number of ribosomal components (181, whose genes are not all necessarily contiguous (7) , argues that the ribosomal system would not be readily transferred genetically from one organism to another.
In the present study the 16s rRNA molecule was selected since its -1,600 nucleotides provide a more reliable classification than the small 5 s rRNA (~1 2 0 nucleotides), and experimentally it is more manageable than the larger 23s rRNA (-3,300 nucleotides). Determination of 16s rRNA primary structure is sufficiently difficult at present that full sequence information cannot be used as a basis for phylogenetic study. However, a partial sequence characterization, in terms of a "comparative cataloging" approach, is both feasible and useful (11, 12, 20, 23) . Herein this approach is applied to a group of bacilli to display the method and examine its potential for phylogenetic and general taxonomic classification.
In essence the method involves digesting the 16s rRNA from each organism under investigation with an endonuclease of restricted specificity and determining the sequence of the resulting oligonucleotides. This produces a unique catalog of digestion products from each organism. These catalogs are then intercompared by two essentially independent approaches. In the first, families of homologous digestion products are identified which allow direct examination Growth, labeling, and RNA isolation. B . subtilis, B . megateriurn, B . pumilus, and B . cereus were generally grown aerobically at 37°C in a yeast extractpeptone medlium (pH adjusted to 7.0) and labeled with :"PO, in a dephosphorylated version of that medium (15) . B . pasteurii and S . ureae were grown and labeled in the same medium with 0.3 M urea (final concentration) added and the pH adjusted to 8.5 (11) . B . stearothermophilus was grown in a peptone medium at 60°C (10) .
For labeling RNA, 32P0, (New England Nuclear Corp.) was added to each culture (10 to 30 cm3) in early log phase at a final concentration of 0.5 to 1.0 mCi/ml. After three to four divisions, cells were collected by centrifugation, washed, and opened by passage through a French pressure cell at 15,000 lb/ in2. The rRNA was then phenol-extracted and the 16S rRNA was separated by polyacrylamide gel electrophoresis, with final purification obtained by passage over a Whatman CF-11 cellulose column (K. J. Pechman, Ph.D. thesis, University of Illinois, Urbana, Ill., 1975).
Determination of oligonucleotide catalog. Each purified 16s rRNA was digested with T, ribonuclease, and the resulting oligonucleotides were separated and sequenced by the two-dimensional paper electrophoresis technique of Sanger and co-workers (13) with certain modifications introduced in this laboratory (17, 18a) .
In brief, the analysis involves electrophoresis of the digest on cellulose acetate at pH 3.5 (in the presence of 7 M urea), followed by transfer of the resulting oligonucleotide pattern to diethylaminoethyl-cellulose paper, with subsequent orthogonal electrophoresis in one of two buffer systems (17, Ma) . The resulting oligonucleotide "fingerprint" comprises a pattern of "isopleths." Each isopleth grouping has a characteristic uridylic acid (U> content per oligonucleotide, i.e., the U = 0 isopleth, the U = 1 isopleth, and so on. Within each isopleth, oligonucleotides are displayed by order of size, and within each size "isocline" they are separated to some extent on the basis of composition. Figure 1 is a representative fingerprint of this type.
Sequences of oligonucleotides on this fingerprint, the primary pattern, are determined (where not obvious from their positions) by various "secondary" and "tertiary" enzymatic digestions which produce a sufficient number and kind of recognizable products that the sequence of the original oligonucleotide can be deduced therefrom (17, Ma) . Data analysis. To identify families of related oligomers, a systematic search was conducted with the aid of a n IBM 360/75 electronic computer. In this procedure all nonidentical sequences in any two catalogs, A and B, were examined. Every sequence in A was individually aligned so as to maximize similarity with each sequence in B. A matrix resulted wherein each row represented a particular sequence in catalog A and each column represented one in catalog B. Every entry in the matrix thus represented the number of residues in common between two specific sequences when they were aligned in the most favorable way. Next, each row in the matrix was scanned for an absolute maximum, and if, when identified, that entry was also an absolute maximum in its respective column, the two sequences were presumed to be corresppnding related sequences. Finally, the column and row corresponding to the two newly identified homologous sequences were deleted and the process was continued.
This procedure was most powerful when applied to a group of related organisms, since the various binary comparisons tended to bear upon one another. For example, corresponding oligonucleotides from two distantly related species were often undetectable because of "noise" (usually tie scores in a column or row). However, if any one of the alternative possibilities was unequivocally identified in a comparison involving a third organsim, more closely related to one of the original organisms, then it was justifiable to define this relationship to be the correct one in the more distant comparison as well. Such subjective aspects of the analysis required considerable care during application if reliable results were to be obtained.
In a reasonably compact group of organisms, such as the bacilli, this approach identified a significant portion, but not all, of the corresponding related sequences between any two catalogs. In general then, families of related oligomers were identified, many of which had representatives from each organism under study. These families could be used in their entirety to produce individual binary comparisons. However, it alleviated any question as to a proper normalization procedure if only complete families were utilized so that the individual binary comparisons could all be based on counts of the variations a t equivalent nucleotide positions. This information could then be used, in principle a t least, to calculate a true phylogenetic tree.
Alternatively, an appropriate association coefficient could be defined as follows: sAB = 2NAB / ( N A + NB), where N , = total number of residues represented by oligomers of at least length L in catalog A, NB = total number of residues represented by oligomers of at least length L in catalog B, and NAB = total number of residues represented by all the coincident oligomers between the two catalogs, A and B, of a t least length L . For Symbols: 1/0, the mole fraction of each oligonucleotide is indicated for each organism except S. inulinus; +/-, the presence or absence of each oligonucleotide in S. inulinus is indicated (the complete catalog for this organism will be presented elsewhere); 2-l/l-2, the oligonucleotide in question may be present in multiple copies (the first number indicates the more likely quantitation).
The sequence given is probable but not certain. Question mark indicates that presence or absence of the oligonucleotide in question is not determined.
Asterisk indicates that the identical oligonucleotide, but containing a post-transcriptionally modified Table 1 lists the oligonucleotide catalogs for the various species of the genus Bacillus (11; Pechman, thesis; 18a). Table 1 also records whether any given sequence was present or absent in the catalog of Sporolactobacillus inulinus, a closely related but presumably "non-Bacillus" organism. In Table 2 the 52 sequences of universal occurrence within the Bacillus species examined here are shown. Table 3 summarizes the 39 families of corresponding related oligomers that were identified.
RESULTS
Single-linkage clustering utilizing the association coefficient, SAB, defined the dendrogram shown in Fig. 2. Escherichia coli (17) is here included to provide perspective. The individual binary comparisons upon which this dendrogram was based are indicated in Table 4 .
The closest relationship found was between B . subtilis and B . pumilus. B. megaterium and a third containing B . pasteurii and S . ureae. That all of these groups are indeed best considered divisions within the genus Bacillus rather than individual genera was indicated by the fact that they are each more closely related to the others than any one is to the outside "reference" organism -Sporolacto bacillus inulinus.
Binary comparison of the individual organisms over the entire set of 27 complete families allowed a direct determination of the nucleotide replacements which were introduced during the evolution of the portions of the 16s rRNA molecule represented by these families. These numbers are displayed in Table 4 . In the present case the complete families represented 239 nucleotide positions, whereas the 52 universal sequences in Table 1 represented another 364 positions. The combined total of 603 nucleotide positions is the vast majority of the total number of positions accessible by the method used herein (i.e. , the average Bacillus catalog given here contains 746 nucleotides in digestion products of size five and larger) and is a significant portion, = 37%, of the entire 165' rRNA sequence. Since ancestral sequences can be postulated for each family, it is in principle possible to calculate a phylogenetic tree from these families (Fox and Woese, unpublished data). Such a tree is topologically very similar to that obtained with the association coefficient employed here.
In any event, many of the families reaffirm the branching points suggested in the tree generated by the association coefficeint SAB. In particular, families 1, 5, 14, 15, 22, and 11, 19, 21, 24, 30 , and 38 reflect the group comprising B . pasteurii and S . ureae. In addition the families allow some insight into the evolutionary process and how it has affected the RNAs. The incorporated mutations appear in some sense nonrandom; transition mutations appear far more readily than do transversions. Likewise, insertions or deletions of single nucleotides appear to be rare. 
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DISCUSSION
The limited group of species of the genus Bacillus examined here serves to illustrate the potential of the comparative cataloging approach in the study of bacterial systematics. To be genuinely useful, the method must not only give reliable results in general, but it must be effective where traditional techniques have not proven adequate.
Since many of the organisms examined here have been well characterized by more conventional methods, relationships herein defined can be compared to existing classifications. The arrangement of strains originally suggested by 5) was based on the most extensive study available. They classify the genus Bacillus into three major groups, based primarily on the shape of the spores and the swelling of the sporangium by the spore. Of the organisms ex- amined here, B . megaterium, B. cereus, B cereus were closer to each other than either was to any other species. These same conclusions also emerged from the present approach. In addition, our results provided strong evidence that S. ureae, whose classification has traditionally been difficult, should not only be classified as a member of the genus Bacillus, but should be placed in group 3 along with B. pasteurii (11) .
Comparative cataloging of 16s rRNA offers several advantages over traditional methods. (i) The identical procedure can be applied to any genus, resulting in similarity coefficients which are directly comparable. Hence, data from a diversity of organisms can be readily and objectively integrated, ultimately permitting quantitative definition of terms such as "species," "genus," and "family." (ii) Exceedingly ancient divergences should be detectable, allowing identification of relationships throughout the procaryotic kingdom. That this is indeed the case has already been demonstrated by the succesful application of the comparative cataloging approach to the elucidation 
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of the procaryotic nature of the chloroplast (2, 22) . Comparative cataloging is not, however, a panacea. Compared to traditional techniques, it is relatively expensive and time consuming, and it requires considerable specialized expertise. Thus it is appropriate to view comparative cataloging of 16s rRNA as an adjunct to and not a replacement for the more usual approaches.
For phylogenetic purposes it would be highly desirable to define a similarity coefficient that relates in a linear fashion the actual number of base changes between two 16s rRNA molecules. S A B as defined herein is not such a coefficient. A similarity coefficient, PAB, which has this property, was previously proposed (18a, 20) . However, the derivation of this coefficient assumes that the probability of a mutation being accepted is the same at all positions in the 16s rRNA. This has been shown to be a nonvalid assumption (19), and therefore P A B is only likely to be a useful approximation of true homology for closely related organisms. Thus, until these matters receive further attention, SAB , which is readily calculated and cannot be misconstrued, seems to be the association coefficient of choice.
